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J.  Awerbuch  and  S.R.  Bodner 

Abstract 

This  paper  describes  an  experimental  program  on  ballistic  perforation 
of  metallic  plates.  Three  kinds  of  rifles  and  various  steel  and  aluminum 
target  plates  were  used.  Measurements  were  made  of  the  initial  and  post- 
perforation  velocities  and  in  some  cases  of  the  time  duration  of  perfora¬ 
tion.  High  speed  photographs  were  taken  during  the  perforation  process 
and  detailed  studies  were  made  on  sections  of  the  perforated  target  plates. 
The  examination  of  the  physical  process  of  perforation  served  to  motivate 
aspects  of  the  analytical  treatment  presented  in  an  associated  paper.  The 
experimental  results,  i.e.  post-perforation  velocities  and  duration  times, 
were  found  to  be  in  good  agreement  with  predictions  of  the  associated 
analysis . 
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Tcchnion  -  Israel  Institute  of  Technology. 
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Notation 


plug  length 
entrance  diameter 
exit  diameter 

radial  width  of  shear  zone  of  the  target  plate 
impact  velocity 
final  velocity 

Vvf 

shear  strain  rate 

coefficient  of  viscosity  for  shearing  deformation 
dynamic  ultimate  compressive  stress 
dynamic  ultimate  shear  stress 
"quasi-static”  ultimate  shear  stress,  t»to+jjy 
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Introduction 


An  analysis  of  the  mechanics  of  normal  perforation  of  metallic  plates 
by  projectiles  at  ordnance  velocities  has  been  presented  in  an  associated 
paper  [1].  The  actual  physical  process  of  perforation  is  extremely  complex 
and  the  analysis  attempts  only  to  identify  the  main  features  of  the  process 
and  thereby  to  formulate  the  governing  equations  of  motion.  In  the  analysis, 
the  perforation  process  is  considereo  to  consist  cf  three  interconnected 
stages,  namely,  an  initial  compression  followed  by  combined  compression  and 
formation  of  a  plug  and  finally  the  shearing  of  a  plug  until  the  target 
material  fails  and  the  plug  is  ejected.  Among  the  factors  neglected  in  the 
analysis  are  elastic  and  plastic  wave  effects  and  compressibility  of  the 
target  material. 

A  preliminary  analysis  of  the  ballistic  problem  [2]  had  been  compared 
with  experimental  results  with  moderate  success.  That  analysis  was  subse¬ 
quently  modified  by  Goldsmith  and  Finnigan  [3]  who  also  conducted  an  exten¬ 
sive  experimental  program  using  spherical  projectiles  over  a  wide  range  of 
impact  velocities.  The  new  analysis  [1]  was  motivated  in  part  by  various 
shortcomings  and  limitations  of  the  previous  work  [2,3]  indicated  by  the 
results  of  the  experimental  program  described  in  this  paper  as  well  as  by 
the  results  of  [3] .  The  main  modifications  to  the  previous  analyses  were 
the  consideration  of  three  rather  than  two  stages  for  the  perforation  process 
and  a  more  realistic  description  of  plug  formation  and  the  associated  shear¬ 


ing  process. 
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The  present  experimental  program  was  intended  to  provide  detai led 
information  on  the  perforation  process  to  assist  the  development  of  the 
analysis  and  to  supply  results  for  comparison  purposes.  In  order  to  obtain 
a  suitable  range  of  results,  three  rifles,  four  projectile  types,  and  a 
variety  of  steel  and  aluminum  alloy  target  plates  were  used.  The  projectiles 
were  standard  ordnance  bullets  and,  since  no  provision  was  available  to  change 
the  powder  weight,  the  velocity  of  each  type  of  bullet  could  not  be  altered. 
Measurements  were  taken  of  the  initial  and  post -perforation  velocities  and 
in  some  cases  of  th->  duration  time  of  perforation.  High  speed  photographs 
were  taken  at  different  times  after  impact.  Calculations  based  on  the  analy¬ 
sis  of  [1]  were  made  for  all  the  test  conditions  in  this  experimental  prog¬ 
ram  and  also  for  a  number  of  the  experimental  cases  described  in  [3] . 
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Experimental  Procedure 

The  ballistic  experiments  were  performed  in  a  ballistics  range  that 
had  provision  for  measurement  of  the  initial  and  post-perforation  velocities 
of  the  projectile  and  for  taking  a  single  high  speed  photograph  of  the 
perforation  process.  A  schematic  of  the  system  is  shown  in  Fig.  1. 

The  initial  velocity  was  measured  by  photodiode  systems  at  two  stations 
which  were  connected  to  a  microsecond  interval  counter.  The  post-perfora - 
tion  velocity  of  the  projectile  was  measured  by  two  wire  grid  break  circuits 
coupled  to  another  microsecond  interval  counter.  This  was  necessary  due  '  ) 
deviations  of  the  path  of  the  bullet  after  perforation.  The  target  plate 
was  kept  in  a  darkened  room  with  a  camera  with  an  open  shutter  focused  on 
the  impact  region  A  single  photograph  could  be  taken  during  each  test  b; 
triggering  a  light  flash  at  an  appropriate  time  delay  after  the  projectil 
passed  a  photodiode  station  The  light  flash  was  of  3  usee  duration  obtain¬ 
ed  by  a  Gemral  Radio  Type  1531  Strobotac.  This  was  triggered  by  a  Monsanto 
Pulse  Generator,  Model  302A,  which  includes  an  electronic  delay  unit.  Bj 
repeating  tests  of  similar  projectiles  and  target  plates  with  different 
delay  times,  a  tequiMicu  of  photographs  for  the  full  perforation  process 
could  be  obtained  Because  of  small  variations  in  the  impact  velocities 
for  the  different,  tests,  the  time  interval  between  the  photographs  could 
not  be  determined  exactly.  However,  by  noting  those  cases  of  almost  iden- 
tical  impact  velocity,  approximate  values  for  the  time  intervals  between 
photographs  could  be  estimated. 


The  rifles  used  in  the  program  were  a  standard  7.62  mm  caliber 
military  rifle,  a  0.22  in.  caliber  sport  rifle,  and  a  9  mm  semi-automatic 
gun.  Regular  lead  bullets  were  used  and,  in  addition,  armour  piercing 
bullets  for  the  standard  military  rifle.  The  properties  and  velocities 
for  the  various  projectiles  are  listed  in  Table  I.  The  target  plates  consis¬ 
ted  of  a  number  of  high  strength  steel  alloys,  mild  steel,  commercially  pure 
aluminum,  and  an  aluminum  alloy.  The  mechanical  properties  and  thicknesses 
of  the  target  plates  are  listed  in  Table  II.  The  plates  had  dimensions 
250  mm  x  250  mm  and  were  clamped  in  a  rigid  support  along  two  opposite  edges. 
Impact  occurred  at  the  midpoint. 

The  time  duration  of  the  perforation  process  was  measured  in  a  few  of 
the  tests.  This  was  achieved  by  break  circuits  consisting  of  fine  wires 
bonded  to  the  plate  at  the  impact  and  exit  points.  Impact  caused  the  first 
wire  to  break  giving  an  initial  signal.  The  ejection  of  the  plug  from  the 
plate  provided  the  terminal  signal  for  the  process.  The  signals  were  record¬ 
ed  on  a  dual  channel  oscilloscope  (.Tektronix  R5030)  .  This  met\  of  measur¬ 
ing  the  duration  time  is  compatible  with  the  computation  of  the  time  given 
in  [1]  In  practice,  r  :  procedure  proved  to  he  inaccurate  on  some  occasions 
due  to  fusing  of  the  projectile  and  the  plug,  so  a  number  of  tests  (8  to  10) 
i-r-  run  for  each  rase  to  obtain  reliable  measurements. 
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Experiment* I  Result* 

A  typical  sequence  of  photographs  for  the  perforation  process  is  shown 
in  Fig.  2.  This  sequence  .vas  for  the  case  of  regular  lead  bullets  (29  mm  long) 
from  n  standard  military  rifle  penetrating  19.0  mm  thick  6061-T6  aluminum 
alloy  plates.  The  approximate  times  after  impact  are  indicated  on  some  of 
the  photographs.  The  times  were  too  uncertain  for  those  that  do  not  have  a 
time  designation.  These  and  similar  photographs  were  very  helpful  in  the 
analytical  formulation  of  the  perforation  process  described  in  [1], 

Some  immediate  observations  can  be  drawn  from  these  photographs.  For 
example,  it  is  seen  from  photograph  (f)  that  the  bullet  is  completely  embed¬ 
ded  in  the  plate  just  as  motion  of  the  rear  surface  commences.  This  implies 
that  appreciable  flattening  of  the  projectile  takes  place.  .The  onset  of 
motion  of  the  rear  surface,  photograph  (f) ,  is  the  condition  for  the  start 
of  stage  3  of  the  perforation  process  as  outlined  in  [1].  Stage  3  therefore 
starts  about  29  usee  after  impact  for  this  case.  This  stage  would  end  once 
the  plug  starts  to  eject  which  would  correspond  to  sometime  between  photo¬ 
graphs  (f)  and  (g) .  The  duration  of  the  third  stage  was  measured  from  the 
photor~iphs  to  be  about  2  usee  which  is  much  shorter  than  the  time  to  the 
start  of  the  last  stage.  This  short  time  corresponds,  in  general,  to  results 
calculated  on  the  basis  of  the  analysis  [1] .  The  total  time  for  the  perfora¬ 
tion  process  to  be  completed,  i.e.  the  time  from  initial  impact  to  ejection 
of  the  plug,  is  estimated  from  the  photographs  to  be  50  usee  while  the 
calculations  give  5/  usee.  The  more  exact  contact  wires  for  experimental 
measurement  of  the  duration  time  were  not  used  for  this  case. 
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Another  observation  from  the  photograph*  is  that  the  rear  surface  of 
the  plate  rapidly  acquires  the  turmtnal  velocity  of  the  projectile  one*  It 
is  set  Into  motion,  Thu  implies  that  the  distance  the  plug  moves  before 
shear  failure  occurs  is  small,  which  is  consistent  with  the  analysis.  The 
third  stage  is  therefore  completed  while  the  projectile  is  still  embedded 
in  the  target  plate  The  ejected  plug  and  the  projectile  then  both  travel 
at  the  terminal  velocity  and  tn  some  cases  are  fused  tof.tb-T.  In  a  few 
cases,  however,  fragments  of  the  plug  and  projectile  were  ejected  at  higher 
velocities  which  disturbed  the  measurement  of  jhe  post -perforation  velocity. 

Typical  cross  sections  of  perforated  plates  are  shown  in  Pig.  3.  The 
cavities  are  almost  completely  cylindrical  in  most  of  the  cases.  In  some 
cases  the  cavity  diamoter  increases  linearly  with  depth  after  an  initial 
penetration  which  corresponds  to  the  first  (compressive)  stage  of  the  pro¬ 
cess.  The  two  photographs  for  the  cases  where  the  projectile  did  not  per¬ 
forate  indicate  that  the  projectile  was  stopped  during  the  third  stage 
since  bulging  of  the  rear  surface  is  observed. 

A  number  of  the  perforated  plates  were  etched  and  photomicroRraphed 
in  order  to  obtain  more  detailed  information  on  the  perforation  process. 
Etching  of  original  plates  reveals  "flow"  lines  running  parallel  to  the 
plate  surfaces  due  to  the  rolling  operation  These  flow  lines  serve  as  a 
useful  reference  grid  to  analyze  deformations  due  to  permration. 

Typical  photomicrographs  of  etched  perforated  specimen  plates  are 
shown  in  Figs  4  to  7.  The  case  shown  in  Fig.  4  is  one  in  which  the  plug 
was  not  fully  ejocted  This  is  rarely  observed  and  serves  as  a  convenient 
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illustration  of  the  three  stage,*  of  perforation  described  in  the  analysis. 
Roth  figs.  4  and  §  give  good  indications  of  the  depth  of  the  first 
(compression)  stage.  The  flow  line#  are  hardly  distorted  to  that  depth  so 
shear  effects  would  be  small  in  thAt  stage  (as  had  been  assumed).  The  flow 
lines  in  Pigs,  4  and  5  are  appreciably  distorted  in  the  vicinity  of  the  plug 
interface  which  indicates  that  shear  dtformation  is  tha  dominant  mechanism 
for  plugging  (stages  2  and  3). 

A  cross  section  whera  the  projectile  did  not  perforate  the  plete  ia 
shown  in  Fig  6.  Since  the  rear  surfacm  bulges  slightly,  the  process  was 
terminated  at  the  onset  of  the  third  stage.  The  flow  lines  show  some  dis¬ 
tortion  in  the  region  of  incipient  plugging  indicating  the  existence  of 
shear  effects  during  the  second  stage.  However,  the  total  shear  strain 
accumulated  during  that  stage  is  seen  to  he  relatively  small  compared  to 
tho  cases  where  perforation  occurs,  e.g.  Figs.  4  and  S,  The  assumption  in 
the  analysis  that  the  shear  strain  developed  during  stage  2  can  be  neglected 
compared  to  that  of  stage  3  appears  to  be  reasonable  from  these  photographs. 

A  parameter  that  appears  in  the  equations  of  motion  for  stages  2  and  3 
is  the  radial  width  of  the  shear  zone,  e.  This  can  be  obtained  from  the 
photographs  as  the  radial  distance  from  the  plug  interface  to  the  point 
where  the  flow  lines  start  to  curve,  Thm  point  is  somewhat  arbitrary  but 
the  final  calculated  results  are  not  sensitive  to  the  exact  value  of  e. 

Values  for  e  for  Figs.  5  and  7  are  indicated  nmxt  to  the  photographs  and  wore 
used  in  the  calculations  for  the  second  stage.  In  cases  where  the  cavity 
diameter  changes  with  nepth,  e.g.  Fig.  7,  the  value  of  e  changes  as  well  and 
an  average  value  for  e  was  used.  The  flow  lines  tend  to  curve  more  sharply 


,  a  .. 

close  to  the  interface  which  is  an  indication  that  •  become*  smaller  during 
the  third  stage,  i.e.  the  ehear  effected  lone  hacome*  smaller  a*  the  shear 
strain  increases.  This  is  readily  seen  in  Pig.  7  and  to  some  extent  in  Pig.  4, 
The  value  of  e  actually  used  in  the  calculations  for  the  third  stage  was 
smaller  than  that  measured  and  used  for  the  second  stage  in  order  to  ensure 
force  continuity  between  the  stages.  A  discontinuity  in  the  total  force 
would  otherwise  occur  since  the  inertial  force  immediately  becomes  sero  at 
tha  onset  of  the  third  stage.  The  characteristics  of  the  flow  lines  in  tha 
photographs,  is.  tha  small  region  of  large  shear  deformation  near  the  inter' 
face,  indicate  that  a  related  effect  may  occur  physically. 

Fig.  7  also  shows  a  relatively  large  change  in  the  cavity  diameter  for 
the  second  and  third  stages.  When  the  entrance  and  exit  diameters,  0^  and  D^, 
were  appreciably  different,  the  calculations  were  baaed  on  using  for  the 
first  stage  and  the  average  of  0^  and  Dj  for  the  second  and  third  stages. 

The  plugs  ejected  from  the  plates  were  recovered  and  examined.  They  were 
generally  cylindrical  in  shape  with  spherical  surfaces  at  both  ends,  e.g, 

Fig.  8  It  is  interesting  to  note  that  the  plugs  themselves  were  almost  free 
of  shear  effocts,  i.e.  the  shearing  action  occurred  entirely  in  the  region 
outside  the  plug  boundary. 

The  experimental  results  for  the  various  tests  are  listed  in  Table  III. 

The  information  obtained  for  each  tost  includes  the  initial  and  post-perfora¬ 
tion  velocities,  the  entrance  and  exit  diameters,  Dj ,  Dj,  (given  as  a  singla 
average  value  if  the  cavity  were  essentially  cylindrical),  the  width  of  tha 
shear  zone  e,  and  the  plug  length  b.  The  experimental  duration  time  of 
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perforation  la  glvan  for  those  eases  where  it  was  Measured,  The  reaulta 
of  calculation*  for  the  final  velocity  and  the  duration  tie#  based  on  the 
analysis  of  (1]  are  also  given  in  Table  111. 

The  analysis  of  (1]  was  also  used  to  calculate  final  velocities  and 
duration  titaes  for  a  musber  of  the  expertaents  reported  in  (3],  Hie 
details  of  the  geonetry  of  perforation*  D  and  b,  are  given  in  [3]  while  values 
for  e  and  w  necessary  for  the  calculations  were  based  on  results  obtained 
in  the  present  tests.  A  high  speed  caaera  was  used  in  |3]  to  obtain  the 
duration  tine  of  perforation.  Table  IV  ausaeeriiea  the  experimental  end 
calculated  results  for  these  cates. 
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Discussion  of  Results 

A  review  of  th«  experimental  and  calculated  final  velocities  and 
duration  timet  listed  in  Tables  III  and  IV  indicates  fairly  good  overall 
agreement  between  the  sets  of  results,  The  calculations  were  based  on  maa» 
sured  values  of  the  geometric  parameters  of  perforation:  Dj,  DJt  e  and  b, 

The  need  for  empirical  data  in  the  application  of  the  analysis  is  limited, 
however,  since  extensive  tests  have  shown  that  D  and  b  are  linear  func- 
tions  of  the  plate  thicknoss  for  a  particular  projectile  and  target  material 
over  a  moderate  range  of  velocities,  Pig.  9.  This  would  mean  that  D 
(or  and  Dj)  and  b  could  be  obtained  from  a  few  tests  and  the  results 
extrapolated  for  other  plate  thicknesses  and  projectile  velocities.  The 
analytical  determination  of  D  and  b  from  basic  considerations  would  require 
the  solution  of  difficult  problems  which  soem  to  be  capable  of  solution  only 
by  complicated  numerical  techniques  using  computers.  It  is  interesting  to 
note  that  the  ratio  b/h  does  not  vary  significantly  for  various  projectiles 
and  materials.  For  most  of  the  present  tests  b/h  ranged  from  0.80  to  0.85  for 
mild  steel  and  the  various  steel  alloys  and  from  0.68  to  0.75  for  aluminum 
and  aluminum  alloy  6061-T6  with  a  few  tests  falling  outside  these  ranges. 

As  noted  in  the  previous  section,  the  value  of  the  parameter  e  used 
in  the  calculations  was  obtained  from  photographs  of  etched  perforated 
plates.  This  was  not  done  for  all  cases  since  the  value  of  e  did  not  change 
significantly  for  similar  tests,  i.e.  for  a  given  projectile  and  slightly 
varying  target  plate  thicknesses  of  similar  material.  Values  for  e  could 


also  be  deduced. Jtron  analytes  of  Chou  [4]  and  of  Thomson  [S] .  for  example, 
the  value  of  e  calculated  from  Thomson's  analysis  for  the  case  of  a  0.22  in. 
bullet  perforating  a  S  mm  thick  6061-T6  aluminum  plate  is  1.3S  mm  while 
post  tApwrimontnl  examination  gave  e-1.5  mm.  For  the  case  of  a  9  mm  bullet 
perforating  a  6.35  mm  plate  of  the  same  alloy,  the  analysis  fS]  leads  to 
e«1.6  mm  while  the  experiment  showed  e»2.0  an.  The  analyses  of  [4]  or  [S], 
or  a  limited  number  of  tests,  could  therefore  be  used  to  determine  the  width 
of  the  shear  tone. 

The  strength  properties  of  the  target  material  that  are  factors  in  the 
analysis  [1]  are  the  compressive  strength  oc,  the  shear  strength  r,  and  tha 
failure  strein  in  shear  The  alloys  used  as  target  plates  in  this  prog¬ 
ram,  aluminum  alloy  6061-T6,  and  the  high  strength  steels  are  relatively  rate 

Insensitive  [6,7,8)  to  moderately  high  strein  rates  (-lO^sec’*)  but  tend  to 

5  -1 

be  quasi -viscous  at  very  high  rates  (-10  sec  )  [9,10,11,12],  Commercially 
pure  aluminum  is  slightly  more  rate  dependent  at  moderatoly  high  rates  and 
becomes  more  sensitive  (quasi-viscous)  at  the  very  high  rates.  Mild  steel 
has  appreciable  rate  sensitivity  and  it  becomes  very  sensitive  at  strain  rates 
above  103sec The  material  strength  properties  listed  in  Table  II  were 
obtained  at  relatively  slow  rates  in  a  standard  testing  machine  (quasi-static) . 
The  ultimate  strength  values  obtained  in  these  tests  were  used  as  a c  in  the 
equations  since  the  actual  compressive  strein  rates  would  not  be  very  high 
and  the  ultimate  stress  in  compression  is  not  a  particularly  rate  sensitive 
property  for  these  materials.  The  quasi-static  ultimate  shear  stress  list¬ 
ed  in  Table  II  was  taken  to  be  tq  in  the  equation  for  the  dynamic  ultimate 
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shear  stress,  eq.  (15)  of  (1],  namely, 

t  ■  tq  ♦  py 

where  p  is  the  coefficient  of  viscosity  and  y  is  the  shear  strain  rate.  The 
latter  ir  taken  to  be  the  instantaneous  velocity  of  the  combined  projectile 
and  added  mass,  V,  divided  by  the  width  of  the  shear  zone  e.  Values  of  p 
for  various  materials  have  been  obtained  in  [9,10,11,12],  The  present  tests 
themselves  are,  however,  experiments  for  determining  p  so  values  for  p  were 

chosen  so  that  calculated  results  would  best  fit  the  test  data.  These  values 

2 

were  10,  8,  and  10  gr  sec/cm  for  aluminum  alloy,  commercially  pure  aluminum, 

and  mild  and  alloy  steel  respectively.  Values  for  p  obtained  from  direct 

2 

experiments  [9,10,11,12]  varied  from  7  to  20  gr. sec/cm  for  aluminum  and  alu- 

2 

ininum  alloy  and  were  about  20  to  28  gr. sec/cm  for  steel.  The  values  that 
had  been  used  in  the  calculations  arc  therefore  reasonably  consistent  with 
the  other  data  and  adoquate  for  the  purpose. 

As  has  been  noted,  the  agreement  between  the  calculated  final  velocities 
and  duration  times  based  on  [1]  and  those  obtained  experimentally  is  fairly 
good  The  best  agreement  is  for  the  tests  with  the  0.22  in.  and  9  mm  caliber 
bullets  R.  and  A,-R.)  on  target  plates  of  commercially  pure  aluminum 

and  6061-T6  aluminum  alloy.  The  agreement  is  not  so  good  for  the  other 
projectiles  and  the  steel  alloy  target  plates  where  the  calculated  final 
velocities  are  about  15-25  percent  lower  than  the  experimental  measurements. 
Part  of  this  discrepancy  seems  to  be  due  to  the  experimental  difficulty  of 
accurately  measuring  the  final  velocity  when  target  fragments  were  propelled 


at  higher  velocities  than  that  of  the  combined  projectile  and  plug.  The 
analytical  treatment  is,  of  course,  a  simplified  one  and  it  is  difficult 
to  evaluate  the  effect  of  the  various  idealizations  on  the  final  results. 

The  calculations  do  show  an  interesting  and  important  phenomena  ob¬ 
served  experimentally  when  the  impact  velocity  is  close  to  the  ballistic 
limit.  The  velocity  drop  AV  ■  V^-Vf  (difference  between  impact  and  final 
velocity)  generally  increases  with  increasing  impact  velocity.  However, 

AV  decreases  for  initial  velocities  slightly  above  the  ballistic  limit 
value.  This  was  observed  in  the  present  tests  and  in  those  of  [3].  This 
effect  corresponds  to  the  general  observation  that  the  final  velocity  of 
a  bullet  that  perforates  a  plate  is  never  very  small  but  is  a  significant 
percentage  (about  15-20%)  of  the  initial  velocity.  The  reason  for  this 
effect,  as  discussed  in  [1],  is  that  the  force  and  impulse  acting  during  the 
final  steps  of  the  perforation  process  are  relatively  high.  The  details  of 
the  last  steps  of  perforation  are  also  sensitive  to  small  variations  of  the 
various  parameters,  especially  the  impact  velocity,  which  is  the  reason  for 
the  relatively  large  scatter  of  both  experimental  and  calculated  results 
for  velocities  slightly  above  the  ballistic  limit.  A  comparison  of  calculated 
final  velocities  with  those  obtained  in  some  of  the  tests  reported 
in  [3]  is  shown  in  Fig.  10.  The  calculated  results  do  show  the  drop  of  AV 
with  increasing  V^  as  indicated  by  the  test  results. 


Summary 


The  results  of  this  experimental  program  show  that  the  analytical 
model  developed  for  the  perforation  process  [1],  can  provide  good  predic¬ 
tions  on  post -perforation  velocities  and  duration  times.  The  most  important 
improvement  to  the  analytical  treatment  seems  to  be  the  determination  of 
the  geometry  of  the  perforation  by  direct  considerations  rather  than  by  the 
empirical  methods  presently  used.  The  analysis  does  indicate  a  number  of 
important  characteristics  of  ballistic  perforation  shown  by  the  experimental 
program. 
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TABLE  II 


Mechanical  Properties  of  Target  Materials 


Target 

Material 

Target 

Thickness 

(mm) 

Symbol 

Yield  ,  , 
Stress ^ 
(Kg/mm2) 

Ultimate 

Stress^ 

(Kg/mm2) 

Ultimate 

Shear 

Stress 

(Kg/mm2) 

Hardness 

Steel 

Alloy 

6.0 

8.0 

SA-A-6 

SA-A-8 

98 

110 

65 

35  Rc 

Steel 

Alloy 

6.35 

SA-B-6 . 35 

120 

150 

80 

45  Rc 

Steel 

Alloy 

8.0 

SA-C-8 

105 

132 

70 

42  Rc 

9.0 

SA-D-9 

| 

| 

Steel 

10.0 

12.0 

SA-D-10 

SA-D-12 

90 

120 

6 

0 

38  Rc 

Alloy 

16.0 

SA-D-16 

1 

1 

Mild 

Steel 


10.0  MS-A-10 


28 


45 


18  109  BHN* 


Aluminum 

1100-1114 


Aluminum 
6061 -T6 


1.0 

AL-1-1 

2.0 

AL- 1-2 

3.0 

AL-1-3 

4.0 

AL-1-4 

5  0 

AL-1-5 

6.0 

AL-1-6 

1.0 

AL-6-1 

2.0 

AL-6-2 

3.0 

AL-6-3 

3.5 

AL-6-3.5 

5.0 

AL-6-5 

6.35 

AL-6-6.35 

9.6 

AL-6-9.6 

13.  1 

Al-6-13 .0 

19.0 

AL-6-19.0 

12 


26 


28 

28 


12.7  7.7  32  BHN* 


29.5  19.0  90  BHN* 


32  | 

32  21  90  BHN* 


T  WTiS’  "lojur  iT  mmYal  1  ” 

(a)  Quasi-static  tension 

(b)  based  on  literature  data  for  specified 
material 


(a)  Close  to  ballistic  limit  (b)  Fragmentation  occurred 
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Cogarison_between  Experimental  and  Theoretically  Predicted  Results 
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TA|t6  IV 


Companion  Between  Test  Results  of 

Goldsmith  6  P<mian!3)  and  Calculations  Based  on 

ILL 

Projectile 

Target 

Measured  Velocity 
...  (m/iec) 

Computed 

Pinel 

Conttot  Duration 

Diameter 

(mm) 

Target 

Material 

Thickness 

(mm) 

Initial  Pinal 

(Vi)  (Vf) 

Velocity 

(m/sec) 

Computed 

usee 

fixper 

usee 

6,35 

2024-T3AL 

3, IS 

870 

685 

595 

8.2 

8.3 

6.35 

2024-T3AL 

3,  IS 

2610 

2230 

1937 

2.1 

2.7 

6.35 

2024. T4AL 

6,35 

S70 

457 

411 

16.3 

10.3 

6.35 

2024-T4AL 

6.35 

2540 

1900 

1499 

4.2 

4.6 

0.52 

2024- T4AL 

6.35 

005 

688 

566 

14.0 

- 

9.52 

2024-T4AI 

6.35 

2420 

1775 

1681 

4.2 

5.5 

6.35 

1020  steel** 

6,35 

900 

0 

204* 

33.2 

13.5 

6  35 

1020  steel* 

6.35 

2620 

915 

859 

6.8 

S.8 

6.35 

1020  steel*1 

6  35 

147S 

219 

343 

15.8 

- 

6,35 

1020  steel*1 

6.35 

2115 

722 

535 

10.3 

- 

6,35 

4130  steel 

6.35 

8S5 

0 

0 

10.5 

8.3 

6.35 

4130  steel 

6  35 

1530 

210 

203 

20.0 

- 

6.35 

4130  steel 

6.35 

1620 

558 

273 

22.2 

17.2 

6.35 

4150  steel 

6.35 

1890 

537 

391 

15.9 

11.0 

6.35 

4130  steel 

6.35 

2145 

656 

487 

12.5 

- 

6.35 

4130  steel 

6.35 

2490 

864 

599 

10.2 

- 

6,35 

4130  steel 

6.35 

2640 

894 

646 

9.2 

5.8 

•Close  to  ballistic  limit,  (a)  Small  grain  size,  (b)  Large  grain  size. 
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Uit  of  Cum  lent 


fi«.  1 
Pi«.  2 
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Schematic  of  the  ballistic  rang*. 

Photographic  sequence  showing  tha  perforation  procasa  of 
ragular  rifla  (S.-R,)  hullacs  in  aluminum  60M-T6  targat 
plata  19,0  mm  thick. 

Cross  sections  of  commercially  pura  aluminum  and  aluminum 
6061 -T6  platas  perforated  by  A)  A.-R.  projectiles  and 
B)  TT.-R.  projectiles. 

Photomicrograph  of  etched  SA-D-10  plate  after  perforation  by 
S. -R.  projectile. 

Photomicrograph  of  etched  SA-C-8  plate  after  perforation  by 
S.-R,  projectile. 

Photomicrograph  of  etched  SA-D-12  plate  after  penetration  by 
S.-R.  projectile. 

Photomicrograph  of  etched  AL-6-19  plate  after  perforation  by 
S.-R.  projectile. 

Photomicrograph  of  sheared  plug  of  SA-C-R  plate  after  ejection 
by  S. -R.  projectile. 

Projectile  velocity  drop  as  a  function  of  initial  velocity: 
1/4"  steel  spherical  projectile  perforating  2024-T3  aluminum 
plate  1/8"  thick.  Comparison  between  experimental  results  of 
[3]  and  theoretical  predictions  [1]. 

Dependence  of  average  cavity  diameter  Dgyg  and  plug  length  b 

on  the  thickness  of  commercially  pure  aluminum  and  aluminum 
6061-T6  target  plates  after  perforation  by  TT.-R.  and  A.-R. 
projectiles. 
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